With improvements in surgical and medical management, patients with congenital heart disease (CHD) are often living well into adulthood. MRI provides critical data for diagnosis and monitoring of these patients, yielding information on cardiac anatomy, blood flow, and cardiac function. Though historically these exams have been complex and lengthy, four-dimensional (4D) flow is emerging as a single fast technique for comprehensive assessment of CHD. The 4D flow consists of a volumetric time-resolved acquisition that is gated to the cardiac cycle, providing a time-varying vector field of blood flow as well as registered anatomic images. In this article, we provide an overview of MRI evaluation of congenital heart disease by means of example of three relatively common representative conditions: tetralogy of Fallot, aortic coarctation, and anomalous pulmonary venous drainage. Then 4D flow data acquisition, data correction, and postprocessing techniques are reviewed. We conclude with several examples that highlight the comprehensive nature of the evaluation of congenital heart disease with 4D flow.
type of birth defect, affecting nearly 1% of births per year. 1 Congenital heart defects are anatomic lesions that reflect abnormal size, connections or communications of the chambers of the heart or the arteries and veins adjacent to the heart. The physiologic consequences of congenital heart anomalies vary widely, ranging from an asymptomatic murmur detected only incidentally in adulthood, to severe cyanosis requiring urgent surgical intervention in the neonatal period. With improved surgical and medical management of these conditions, most children now survive into adulthood, and the prevalence of CHD has increased. MRI plays a critical role in the diagnosis and monitoring of these conditions.
Analysis of cardiac MRI exams usually consists of two components. One component consists of understanding the anatomical disorder; this is performed by a sequential segmental approach to CHD that was introduced approximately 25 years ago, and is now nearly universally used in the evaluation of CHD. 2 Here, cardiac anatomy is first assessed in three distinct segments-the atria, the ventricles, and the great vessels (aorta and pulmonary artery). The morphologic and anatomic features specific to each segment are assessed separately. Next, the relationships between the segments are assessed at the atrioventricular and ventriculoarterial levels. Finally, associated abnormalities in individual segments are evaluated. This approach is used to describe the wide range of different congenital cardiac defects and combinations of defects that may be encountered in clinical practice. Cardiac MRI is ideally suited to the detailed evaluation of cardiac anatomy underpinning this approach to CHD. The second component of analysis of cardiac MRI exams is determination of the physiologic consequences of the anatomical disorders. These consequences consist of abnormal blood flows, abnormal function of the ventricles, and abnormal function of the valves of the heart.
While an exhaustive description of the anatomical and physiologic considerations in all congenital heart diseases, as well as cardiac MRI techniques, is beyond the scope of this article, we will first focus on the clinical management considerations of three relatively common and representative specific diseases. We then review 4D flow MRI acquisition and postprocessing techniques, and illustrate the comprehensive evaluation of 4D flow MRI exams in these three diseases.
Representative Congenital Heart Diseases
Repaired Tetralogy of Fallot Tetralogy of Fallot (TOF) is one of the most common complex congenital heart defects requiring repair in infancy. The primary defect is an abnormality in the formation of the infundibular septum, which is a muscular wall between the two ventricles. This abnormality causes right ventricular outflow tract obstruction (RVOTO), i.e., blood cannot directly egress the right ventricle into the pulmonary artery. Rather, there is an abnormal communication between the left and right ventricles, termed a ventricular septal defect (VSD). The aorta is enlarged and overrides the ventricular septum. Finally, the right ventricle muscle bulk is often increased, termed right ventricular hypertrophy (RVH). 3 These characteristic features of TOF are illustrated in Figure 1 . The mortality rate in untreated patients approaches 50% by the age of 6 years. However, with the introduction of modern surgical techniques, a dramatic 40% reduction in deaths associated with TOF was noted from 1979 to 2005, 4 with most patients now surviving well into adulthood. 5 Contemporary surgical repair usually includes VSD closure and reduction of RVOTO. 6 While this has improved clinical outcomes, patients with repaired TOF (rTOF) require clinical and imaging follow-up to assess for common postsurgical complications. The most frequently encountered complication in patients with rTOF include pulmonary regurgitation (PR) and/or residual or recurrent pulmonary stenosis (PS). Chronic PR, when sufficiently severe, results in right ventricular dilation and arrhythmia. Pulmonary valve replacement is then required to prevent irreversible right ventricular failure. In practice, this is typically performed when patients develop clinical symptoms, when there are signs of developing right ventricular failure (RV end diastolic volume index >150 mL/m 2 and/or RV ejection fraction (EF) <47%), among other factors. 7 While MRI does not currently play a primary role in the initial diagnosis of TOF, it has emerged as the imaging method of choice in patients with rTOF, playing an integral role in postoperative follow-up and evaluation. 8, 9 Typically, MRI is required beginning late in the first decade of life with continued imaging throughout life. Clinical goals of postoperative imaging include accurate quantification of PR and evaluation of biventricular size and function (including RVEF and RVEDV). Additional cardiac MRI findings that may be useful in risk stratification include assessment of RVOT aneurysm or akinesia, and quantification of the velocity and pressure gradient across the pulmonary valve in the setting of PS. 10 
Aortic Coarctation
Aortic coarctation is a short segment of narrowing of the aorta just beyond the origin of the arteries that supply the head and arms (Fig. 2 ). It is a common congenital cardiovascular defect with an estimated incidence of 1 in 2500 live births. 11 Coarctation of the aorta may occur as an isolated defect, or in association with other congenital lesions, notably bicuspid aortic valve (BAV).
Untreated aortic coarctation has a reported mortality rate of over 80% by 50 years of age, due to complications including aortic rupture and heart failure. 12 Early intervention with surgical-or more recently endovascular-repair has resulted in significantly reduced patient morbidity. 13, 14 However, close follow-up, even after successful repair, is required as patients may experience complications both directly related to intervention and secondary to systemic arteriopathy. 12, 15 Structural aortic complications include recoarctation, aneurysm formation, and aortic rupture, which may be identified by MRI. Re-coarctation is associated with both recurrent hypertension and an increased mortality rate, and as such, accurate identification and characterization is imperative. 16 Although diagnosis is often made by echocardiography, particularly in infancy, visualization of the distal aortic arch may be challenging in some situations. In these situations, often when coarctation is suspected beyond infancy, either CT angiography or MRI may be helpful. MRI has also emerged as the imaging option of choice in the setting of known or previously repaired coarctation, with its ability to provide both anatomic and hemodynamic information. 17, 18 Anatomic assessment in patients with aortic coarctation includes assessment of the location and length of the narrowing, measurement of the smallest vessel diameter, evaluation of poststenotic dilation, and identification of collateral vessels. Hemodynamic assessment includes evaluation of the pressure gradient and maximum velocity across the coarctated segment, and evaluation of associated collateral flow, which typically indicates the presence of hemodynamically significant narrowing, likely requiring intervention. 19 Anomalous Pulmonary Venous Return Partial anomalous pulmonary venous return (PAPVR) is a relatively rare congenital defect where blood flow from some, but not all, of the pulmonary veins drain abnormally into a systemic vein or the right atrium. Thus, blood oxygenated by passage through the lungs recirculates back through the lungs instead of supplying oxygen to the rest of the body, constituting a left to right shunt. The most common form is a right upper pulmonary vein draining into the right atrium or the superior vena cava (SVC), and is frequently associated with a sinus venous atrial septal defect (ASD), usually located near the SVC orifice. 20 Though patients may come to attention prenatally or in infancy, patients with PAPVR are frequently asymptomatic and are often not diagnosed until adulthood.
Total anomalous pulmonary venous return (TAPVR) is even more rare, where the entirety of pulmonary venous drainage makes anomalous connections to the systemic venous circulation or right atrium. Four variants include supracardiac, in which drainage is to one of the innominate veins or the SVC; cardiac, in which blood drains directly into the coronary sinus or right atrium; infracardiac, with drainage to the portal or hepatic veins, and a mixed variant. An ASD or patent foramen ovale (PFO) must be present to allow oxygenated blood to flow to the left-side of the heart in order for an infant to survive with TAPVR. The management of TAPVR depends on the level of drainage and whether veins are obstructed. Infants with obstructed TAPVR are frequently symptomatic and are often surgically corrected early in life, with long-term postsurgical survival rates over 83%. 21 Although transthoracic echocardiography is often performed as a first line imaging modality in patients with suspected anomalous pulmonary venous connections, MRI may provide additional noninvasive information if findings by echocardiography are uncertain. 22 MRI allows for noninvasive anatomic assessment of the number, origin, course and drainage of all pulmonary veins, including anomalous connections or obstruction, as well as evaluation of associated defects including ASDs. MRI also allows for quantification of RV size and function, and estimation of the shunt fraction. The ratio of pulmonary (Q P ) to systemic (Q S ) blood flow (Q P /Q S ) is expected to be 1:1 in a normal physiologic setting. However, in PAPVR as with other left-toright shunts, Q P is greater than Q S. Accurate evaluation of shunt size is important in patients with PAPVR as this may influence the decision to undergo surgical repair. In general, shunt fractions (Q p /Q s ) that exceed 1.5 tend to be surgically repaired, while those below this threshold tend to be managed medically. 23, 24 This is in large part because more severe shunts predispose patients to pulmonary hypertension due to the excess pulmonary flow.
Role of MRI in Congenital Heart Disease
Magnetic resonance imaging has a multifaceted role in the management of patients with congenital heart disease. Imaging, whether by echocardiography, CT, or MRI, is essential in the initial diagnosis, reassessment of diagnosis and surgical intervention upon transfer of care, and in long-term follow-up for detection of complications. Although echocardiography remains a first line modality for initial assessment, MRI has become routine in the management of many congenital conditions largely because of its ability to visualize structures that remain obscured with echocardiography, without ionizing radiation. At present, some of the most commonly encountered entities in clinical practice include the entities described above (repaired tetralogy of Fallot, aortic coarctation, and partial anomalous pulmonary venous return), as well as many other conditions. In each of these circumstances, there are structures of interest for which complete visualization is necessary for adequate evaluation. MRI further provides quantitative data of blood flow and ventricular function that provide reliable means for longitudinal follow-up. The conventional approach to cardiac MRI in the setting of CHD involves a lengthy iterative set of sequences to determine blood flow and cardiac function and to delineate the relevant anatomy. This typically requires acquisition times on the order of one hour, and requires supervision by an experienced cardiac imager to ensure that images are obtained in the correct plane and location with proper selection of imaging parameters in real-time, while the patient is still in the magnet. The 4D flow is an MRI method that yields both a vector of blood velocity as well as magnitude signal intensity over an imaging volume, such as the whole chest, for each temporal phase of the cardiac cycle. With this single acquisition, MRI simultaneously addresses each of the primary components of the imaging evaluation of congenital heart disease, which can be largely classified as: (i) quantification of blood flow, (ii) quantification of ventricular volumes and function, and (iii) visualization of intracardiac and extracardiac structures and blood flow. With a highly spatially and temporally resolved technique, 4D flow can obtain these data in a manner that improves upon the techniques which are currently prevalent (Table 1) . First, rather than rely on prescription of multiple planes at each valve or structure of interest to obtain assessment of net and regurgitant flow, as is currently the case with conventional phase-contrast imaging, planes are prescribed retrospectively at each valve of interest without any incremental cost in imaging time. Second, rather than rely on a stack of 8-to 10-mm-thick cine steady-state images to evaluate myocardial function, shortaxis or long-axis cine images of the heart can be retrospectively reconstructed from 4D flow images. Third, rather than rely on a separate MRA for anatomic delineation of extracardiac structures, 4D flow can provide both anatomic visualization and superimposition of flow data to localize significant stenoses or collateral vessels. As acquisition and image reconstruction strategies for 4D flow continue to evolve, the ability to accomplish each of these tasks with this single pulse sequence should become increasingly routine.
4D Flow Data Acquisition
Phase-Contrast Imaging Phase contrast imaging uses the complex nature of the MRI signal to obtain accurate quantitative velocity measurements. This is possible because any applied gradient G ! will affect the phase of a group of moving spins. It can be shown that the phase of the acquired MR signal can be written as 25 :
where the gradient moment M ! i is defined as:
Velocity encoding in a particular direction is typically done using a set of gradients that are designed to have a net area of zero. Because M ! 0 50 these gradients are often referred to as a bipolar pair. If the acceleration and higher order terms are ignored, the phase due to the application of the bipolar gradient is dependent on the spin velocity v ! 0 as:
where M ! 1 is the first moment of the bipolar pair. Because the Fourier transform resolves signal amplitudes and phases as functions of spatial location, the phase in each pixel can be measured.
It is important to note that the measured phase has contributions from sources other than the application of the bipolar gradient alone. The phase term u 0 is voxel dependent and arises from a variety of sources, such as B 0 inhomogeneity, susceptibility differences, off-resonance effects, eddy currents, and RF inhomogeneity. 26 As a result, resolution of the flow in one direction requires the use of two acquisitions with different gradient M ! 1 values. If these acquisitions are denoted as S 1 and S 2 , and the total change in first moment is D M ! 1 , then it can be shown that a phase map can be created by taking the phase difference at each point in the image 27 :
where arg(S i ) is the phase of the complex signal S i . Finally, an apparent velocity image can be created using the magnitude of the bipolar first moment:
This type of imaging is referred to as phase contrast (PC) imaging. 28, 29 An important parameter in acquiring a phase contrast image is the velocity encoding value, or VENC. The VENC value is defined as the velocity that produces a phase shift of p radians, or:
It can be seen that including sign information, unambiguous velocity measurements can only be made for phase shifts between 6p. Therefore, some knowledge of the velocities being imaged must be used to avoid velocity aliasing in the reconstructed images. Typically the VENC is set to be slightly greater than the largest velocities expected. In 30 Because measuring flow in one direction requires two acquisitions to remove any baseline phase contributions, the obvious extension for multiple flow directions is to keep adding pairs of acquisitions for each axis. However, aside from the extra cost in imaging time (six repetition times [TRs] would be necessary to measure flow along all three directions) the redundancy in the baseline measurement is unnecessary. Instead, the measurement of multiple flow directions can use a single common measurement to remove baseline phase. A common configuration for measuring flow in all directions is the "simple four-point" method, 31 in which the flow-encoding value is alternated in each TR. If it is assumed that the complex signal S i has equal and uncorrelated noise in each channel with variance r 2 , and that each measurement S i has comparable signal (|S i | % |S|, for all i), it can be shown that the variance in the velocity image can be written as 32 :
This equation shows that the noise in a phase contrast image is dependent on the local signal strength but is independent of the measured phase. Furthermore, the noise will increase linearly as the VENC increases. Therefore, the optimal PC acquisition will incorporate a large enough VENC to prevent aliasing, but not one so large as to unnecessarily increase the image noise. It is possible to collect data with an artificially low VENC and then un-wrap the aliased velocity data using a second scan performed with an appropriate VENC (33) . This approach takes advantage of the higher velocity-to-noise ratio of the low VENC scan at the cost of extra imaging time.
Time-Resolved Flow Imaging
Historically PC-MRI acquisitions have tended to be lengthy, and as such have had difficulty being incorporated in regular clinical practice. Scan times are anywhere from two to four times longer than a corresponding non-PC based study, and because in vivo flow is not constant, accurate measurements are only possible with gated sequences. Gating makes it possible to produce a series of cine images showing the flow dynamics over the cardiac cycle, but to do so more time must be spent repeating the acquisition to resolve the temporal dynamics. Finally, the weaker gradient amplitudes of early systems led to longer sequence repetition times, which in turn limited the achievable temporal resolution.
Early acquisitions were based on gated 2D sequences that primarily measured through-plane flow. 29, 34 Either prospective or retrospective gating could be used to trigger data collection at the beginning of each cardiac cycle. Generally, the total number of needed in-plane k-space locations, N ky , would be divided up into groups (or segments), and each segment would be repeatedly sampled over the course of the R-R interval until the subsequent trigger would start the acquisition of the next segment. The number of phase encodes in each segment can be denoted as Nseg, and to measure a single direction of flow it is necessary to repeat the acquisition of each phase encode location twice. Therefore, the temporal resolution of the scan is given by T res 5 2 3 TR 3 N seg , and the total scan time, in heartbeats, is given by N ky /N seg . At the end of the study the data collected during a particular temporal window could be used to produce an image of the flow at that phase of the cardiac cycle. For example, given a moderate resolution of 128 N ky locations and a typical segmentation of N seg 5 8, 16 heartbeats would be needed to complete a study which could be done in a single breath-hold. If each TR had a length of 15 ms, this would produce a set of CINE images with a temporal resolution of 240 ms.
The extension to 3D imaging was straightforward, but given the limitations of early systems the resulting scan times were prohibitively long. As with 2D, the common approach to 4D flow MRI would divide up the total number N k of (k y ,k z ) k-space acquisitions into N seg segments that are repeatedly sampled during one R-R interval (Fig. 3) . Because four measurements are needed for three flow directions, the resulting temporal resolution of the data is given as:
T res 54 3 TR 3 N seg while the number of R-R intervals needed to complete the scan is then:
Early efforts by Wigstr€ om et al 35 produced a sequence using a TR of 21 ms that was capable of imaging a 16 slice volume with a spatial resolution of (0.94 3 1.9 3 3.8) mm 3 in 23 min. Here the 16 slices were divided into eight 2 segment groups, producing a temporal resolution of 168 ms. The practical development of 4D-Flow acquisitions were made possible by several developments. Stronger gradient systems resulted in shorter sequence TRs that allowed the collection of more k-space lines in each segment. In addition, the introduction of contrast agents made it possible to recover the signal that was lost as a result of the more frequent excitation. Work by Tyszka used a 10.5 ms TR to image a 16 slice volume with a spatial resolution of (2.5 3 2.5 3 3) mm 3 in approximately 13 min. The 16 slices were divided into 16 groups of 1 segment each to produce a temporal resolution of 42 ms. 36 Markl et al were able to use fractional echo techniques to achieve TRs on the order of 5 ms, which produced scan times of 12-18 min for volumes with spatial resolutions on the order of (1.25 3 2 3 4) mm 3 . 37 While the operator does have the ability to trade off an increase in temporal resolution for a decrease in scan time, as shown by the two equations above, clinically useful spatial and temporal resolutions require scan times that are in the range of 10-20 min for fully sampled acquisitions. Unlike in 2D multi-slice imaging, breath-holding is clearly not possible.
Simple respiratory compensation can be done by selecting an appropriate set of (k y ,k z ) phase encodes based on the phase of the respiratory cycle at the instant of the R-R trigger, which is termed respiratory ordered phase encoding, or ROPE. 38 In the best case the effect is a set of images that appear to have been acquired over a single long breath. While this technique tends to produce only moderate image quality improvements, no extra scan time is needed.
Navigator gating generally produces better image quality by rejecting data that are acquired outside of an acceptance window that is usually based on diaphragm position. [39] [40] [41] Because this technique does not require respiratory bellows, it has the added advantage of greater patient acceptance. However, any data that are rejected must be reacquired at the cost of an increase in scan time. Work by Markl et al has attempted to mitigate this by increasing the acceptance width while dynamically repositioning the window based on movement of the diaphragm. 42 This approach can also be used together with ROPE to determine which set of phase encodes will be acquired when in the window so that any remaining artifacts can be minimized. Another approach to increase navigator efficiency is to only gate at the center of k-space. 43 This requires only minimal increases in scan times with no degradation in measured flow values.
Aside from potentially increasing scan times, navigators can be problematic in that any time spent acquiring navigator data is time not spent measuring flow. One approach to solving this issue is the use of self-gating techniques to measure k-space profiles motion at regular, shorter intervals during the study. 44 Data acceptance can then be based on motion estimates derived from the correlation of measured and reference profiles.
Faster Approaches to Acquisition Even though 4D flow techniques have been in development for almost two decades, it is still not a technique with wide clinical acceptance. As discussed above, respiration artifacts can produce poor image quality. Also, a successful exam can produce thousands of images that can be overwhelming to process. However, the single greatest impediment to widespread clinical adoption has been the long scan times that are necessary. This has started to change with the development of various approaches to undersampling data, to the point where routine clinical scans can be completed in 10 min or less.
The most straight-forward approach to reducing scan times is to use a basic parallel imaging technique such as GRAPPA to reduce the number of phase encode sets that need to be acquired. 45 With the development of compressed sensing reconstructions in conjunction with pseudo-random sampling patterns such as variable density Poisson disk, the number of needed phase-encode sets can be further reduced. 46, 47 While in all cases the practical amount of reduction depends on the coil geometry and number of elements, compressed sensing reconstructions will generally tolerate larger reduction factors than when using parallel imaging alone. 48 Our institution typically uses overall compressed sensing reduction factors of 9-11 to image volumes with (1.3 3 1.6 3 2.6) mm 3 in approximately 5 min, and sub-millimeter in-plane resolutions of (0.8 3 0.8 3 2.6) mm 3 in approximately 9 min.
Parallel imaging techniques provide scan time reductions by reducing the number of phase encode sets that are needed for each cardiac phase. Even greater scan time reductions can be realized by exploiting the spatio-temporal correlation inherent in the dynamic data. Methods such as k-t BLAST and k-t SENSE can achieve five-to eightfold increases in acceleration by varying the undersampled sampling pattern from phase to phase. 49, 50 Finally, non-Cartesian acquisitions such as spiral and radial can exploit their increased sampling efficiency to reduce scan times and improve resolution 51, 52 (Fig. 4) . Three-dimensional radial sampling is advantageous in that it can provide spherical isotropic resolution at the millimeter level in scan times on the order of 7-12 min. 53, 54 Non-Cartesian applications are prone to aliasing issues from objects larger than the in-plane field of view (FOV), but 
Scan prescription
Although our current protocols continue to evolve, in our experience, the most important factor to enabling comprehensive assessment of flow, function, and anatomy with 4D flow is acquisition of data with adequate spatial and temporal resolution. A conservative starting point is a matrix of 256 3 192 with 2.5 mm slices interpolated to 1.25 mm slices; with a FOV covering the whole chest and temporal resolution of 60 ms for heart rates below 80 and 40 ms for faster heart rates, comprehensive analysis is feasible. There are several approaches to selection of venc. Although a low resolution high-venc acquisition can be obtained as a venc scout, we find this impractical. Instead, a venc of 250 cm/s is used. With this venc, we have always been able to find a slice through arteries that has no aliasing and have been able to preserve accuracy of low velocity veins. 55 Though phaseunwrapping may enable determination of peak velocities, the accuracy and reliability of this approach has not been established. However, in our practice, estimation of peak velocities has been of secondary importance. Our current protocol used in daily practice leverages a blood pool contrast agent, provides 320 3 320 matrix and 1.6 mm slices interpolated to 0.8 mm, with temporal resolution of approximately 50 ms. With this resolution, we have found ventricular segmentation and anatomic analysis to be easier and more confidently performed with 4D flow than conventional cine and MRA imaging.
4D Flow data correction
At the foundation of MRI is the use of weak linear gradients to perform spatial encoding. In practice most gradients can only produce truly linear gradients over a small volume at the center of the coil, and as a result the reconstructed images will contain nonlinear distortions that increase with distance from the isocenter of the magnet. Depending on the gradient coil, gradient strengths can deviate by more than 60% over a 40 cm 3 volume. 56 This problem can be corrected with postprocessing algorithms that are part of the standard reconstruction software packages. 57 However, it should be noted that this correction often is not done in the slice direction for either multi-slice 2D or volumetric 3D data acquisitions. The nonlinearity of the imaging gradients also has consequences for flow measurements. Because of this distortion there can be significant deviations between the intended and actual flow encodings that will affect the magnitude and direction of the encoded velocities. 56 Angular deviations can be as much as 13 at the edge of a 20 cm 3 volume and 45 at the edge of a 40 cm 3 volume. One can predict these 3D deviations with knowledge of the gradient coil profile, and this information can then be used to fully correct 3D velocity data. If only one-directional flow is measured through the slice plane, the distortion causes the local sliceselect gradient to be parallel to the local flow encoding direction, and a magnitude correction of the velocity data can be shown to be sufficient.
Anytime a gradient is activated, additional nonlinear gradients appear as a result of Maxwell's conditions that the divergence of the field is zero and the curl of the field is negligible. To lowest order, these additional gradients produce field components that are nonlinear and inversely proportional to the main field strength B 0 . 58 Because PC-MRI depends on the difference of at least two acquisitions with different gradient configurations, the result is that these socalled Maxwell terms will introduce shading into the reconstructed phase images. These phase effects can be corrected using a postprocessing correction as part of the image reconstruction. It can be shown that four coefficients are necessary to calculate the induced Maxwell phase as a function of spatial location. These terms depend on the strength and timing of the imaging gradients; therefore, these terms can be easily calculated by the sequence before each scan for later use in the reconstruction.
Gradient activity during scanning also induces eddy currents in the magnet. Eddy currents appear as small amplitude residual gradients of opposite polarity that decay exponentially and are present in all MR scans. 59 Unlike the Maxwell phase effects, which are a function of gradient amplitude, eddy currents depend on the slew rate of the applied gradients. In phase contrast imaging, residual eddy currents will produce a spatially varying background phase that is mostly linear and is characterized by one or more exponential decay time constants. 60, 61 While most commercial systems reduce these effects by using pre-emphasis filters to shape the gradients, it is common to find residual phase FIGURE 4: A simplified representation illustrating some differences between Cartesian and radial sampling. In Cartesian sampling (left), each TR acquires a set of points along k x at one (k y , k z ) location. Here each acquisition starts on the left and moves toward the right in the direction of the arrow. In radial sampling (right), which is used in PC-VIPR, each TR acquires data in along a spoke that starts at the center of k-space and moves outward along a different (k x ,k y ,k z ) path each time.
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Interpretation Techniques
Velocity Data Interpretation Routine measurement of blood flow in cardiovascular MRI can be generally classified into two main tasks: (i) quantification of stenoses and (ii) quantification of bulk flow (including net, forward and regurgitant flow). The first, quantification of stenosis, provides an assessment of the hemodynamic significance of a given anatomic narrowing and relies on the peak of the velocity profile for a vessel of interest. The second, quantification of bulk flow, relies on integration of the velocity profile across a particular crosssection of a vessel. By conventional 2D phase contrast imaging, evaluation of a suspected stenosis currently requires precise positioning of a plane at the location of peak velocity, oriented orthogonal to the direction of flow. Proper selection of this plane can require multiple oblique localizers and considerable experience to perform. The peak velocity is then used to estimate the pressure gradient associated with the flow acceleration. The modified Bernoulli-equation, DP % 4v 2 , is then used to estimate the pressure gradient (DP, in mmHg) based on the peak velocity, (v, in m/s). While its assumptions are relatively crude, including assumptions of steadystate and nonpulsatile flow, this equation has been used routinely in practice to stratify adult patients requiring surgical intervention for aortic valve surgery based on echocardiographic peak velocities.
MRI is the only modality that can simultaneously reliably visualize the relevant anatomy and measure velocity in patients with aortic coarctation (Fig. 5 ). It is often challenging by conventional imaging to precisely identify the peak velocity spatially, because the greatest measured velocity can lie at some distance distal to the site of maximum anatomic narrowing. Some cardiac imagers have advocated for inplane mapping of the velocity profile to help identify the true peak, albeit at the cost of increasing scan time and necessitating special expertise at the scanner. With 4D flow MRI, it is possible to measure the entire velocity field for the thoracic aorta and identify the peak retrospectively. It remains to be determined, however, whether this approach truly provides more accurate measurements of the gradient than conventional MRI.
Quantification of bulk flow with conventional 2D phase contrast imaging is similarly challenging, particularly near stenoses or regurgitant valves. The altered hemodynamics near stenosis and regurgitation are known to impair the accuracy of the phase-contrast technique. Under-resolved spatial acceleration, temporal acceleration, and turbulence have each been proposed to impair the accuracy of phasecontrast. Thus, to obtain accurate bulk flow measurements using conventional imaging, an experienced cardiac imager will need to obtain multiple cut planes at and near a stenotic and/or regurgitant valve, oriented orthogonal to each of the forward or regurgitant jets. Furthermore, respiratory artifact and surgical devices such as coils, metallic valves, and sternal wires can partially obscure structures of interest. After obtaining each of these measurements, the cardiac imager then needs to apply his or her experience to resolve discrepancies in the resultant data.
Using 4D flow, a cardiac imager computationally obtains the appropriate reformatted imaging planes retrospectively from the imaging volume ( Fig. 6) . Thus, instead of relying on clinical experience at the time of imageacquisition, he or she can apply knowledge of the factors that impact accurate flow quantification at the postprocessing workstation, particularly with postprocessing software for 4D flow that enables efficient user-interactive plane selection. Because the factors that impact flow quantification are similar between conventional phase-contrast and 4D flow, experience with conventional imaging can inform proper selection of planes. In our experience in the clinical setting, bulk flow measurements by 4D flow tend to be less prone to error than conventional phase-contrast. Specifically, Peak velocity was measured at 1.9 m/s and peak gradient was estimated at 14 mmHg based on the modified Bernoulli equation. The mild degree of residual stenosis and absence of any aneurysm meant that further repair was not immediately necessary. Total acquisition time for the 4D flow was 12:11. aortic and pulmonary flow measurements by conventional phase-contrast can be rather discrepant in the absence of shunts, but to a significantly lesser extent by 4D flow. 63 These bulk flow measurements also correlate better with displacements of ventricular volume than conventional phasecontrast. 47 In the case of partial anomalous pulmonary venous return, the severity of pulmonary-to-systemic shunting helps to determine the need for surgical intervention. Anatomic mapping (described below) further helps localize the morphology of the pulmonary venous shunts, and determine the approach to surgical repair ( Fig. 7 ). Another potential advantage of 4D flow is the ability to prescribe dynamic planes for quantification of blood flow. For example, because the mitral and tricuspid valves and regurgitant jets may translate significantly during the course of the cardiac cycle, and are difficult to accurately assess with static imaging planes, whether by echocardiography or conventional MRI. Some groups have applied a strategy of dynamic plane prescription based on separate short and long-axis steady-state free-precession (SSFP) acquisitions, which seem to work reasonably well. 64, 65 Alternatively, we have found that these conventional SSFP acquisitions may not be necessary when high image-quality 4D flow acquisitions are obtained. It is possible to prescribe a dynamic plane from the simultaneously acquired anatomic data, and provide estimates of net and regurgitant volume that better correlate with ventricular blood displacements than conventional imaging. 66 As noted previously, accurate quantification of regurgitant volume can inform the need for and timing of surgical repair (Fig. 8 ). For example, in patients with tetralogy of Fallot or congenital pulmonary stenosis, many patients experience chronic pulmonary regurgitation and right ventricular volume loading as a consequence of the surgical or interventional repair. When chronic regurgitation is long-standing, a subset of these patients can eventually develop right ventricular failure. The severity of pulmonary regurgitation in these patients helps provide a biomarker and predictor of the onset of failure. For example, a patient with mild regurgitation (regurgitant fraction <20%) is much less likely to develop right ventricular failure than a similar patient with severe regurgitation (regurgitant fraction >40%). The severity of regurgitation can thus be used to suggest shorter interval follow-up in patients who do not undergo immediate repair of the regurgitant valve.
Magnitude Cine Data Interpretation: Ventricular Volumes and Function
Conventional planar SSFP imaging has long been the standard technique for assessment of myocardial function by MRI. It has a distinct advantage of achieving high signal-tonoise and high contrast distinction between blood pool and myocardium without the need to administer intravenous contrast. However, relatively thick 8-10 mm slices are typically used. To achieve the sharpest demarcation of blood pool and myocardium, optimal SSFP imaging requires a series of breath holds. Unfortunately, these images may not necessarily be registered with respect to each other due to inconsistencies in breath hold position. Furthermore, because breath holds can by themselves alter cardiac physiology, affecting venous return and cardiac output, breath holds have also been partly blamed for inconsistencies between volumetric flow rates and ventricular blood displacements. Volumetric cardiac MRI with 4D flow may help to resolve some of these issues by providing a mechanism to analyze myocardial function in its averaged state over multiple respiratory and cardiac cycles. With a low echo time SPGR-technique, off-resonance effects and signal void artifacts from surgical material are much less problematic than with SSFP imaging, especially when imaging is performed at 3T. Retrospective reformatting of the volumetric cine data (Fig. 9 ) into a stack of short-axis images permits segmentation of the ventricles in systole and diastole to extract venricular volumes and ejection fractions.
One of the challenges of obtaining accurate segmentations of ventricles with 4D flow is relatively low signal to noise and blood pool-myocardial contrast. Although velocity images may aid in segmentation, in practice administration of intravenous contrast solves this dilemma. For most congenital diseases, delayed enhancement imaging is not required, and thus a blood pool contrast agent may be administered. In situations where delayed enhancement is required, a protocol of injection of an extracellular contrast agent to obtain myocardial perfusion imaging is followed by 4D flow acquisition, and then delayed enhancement imaging. With use of acceleration strategies, the 4D flow scan can be completed in approximately 5 min, which is then the ideal time to begin acquiring delayed enhancement images. We have found that with this strategy of volumetric imaging, it is increasingly possible to use anatomic data from 4D flow to obtain equivalent estimates of ventricular volume and ejection fraction to those routinely obtained by breath-held short-axis SSFP. 47, 67 In the example of patients with tetralogy of Fallot, volumetry has a very critical role in prognostication and decision-making for planning repair of the pulmonary valve. It is now widely accepted that when right ventricular dilatation is sufficiently severe, irreversible remodeling of the right ventricle can take place where repair of the pulmonary valve is no longer effective to recover right ventricular function.
Visualization and Segmental Analysis
Visualization of the intracardiac and extracardiac structures and blood flow is an essential component of the cardiac MRI examination for congenital heart disease. Current clinical practice is directed at anatomic visualization with precisely placed imaging planes, tailored to the patient's underlying congenital heart defects and the clinical questions at hand. For example, the imaging planes required for evaluation of repaired tetralogy of Fallot are different from the imaging planes needed for coarctation or anomalous pulmonary venous drainage. Due to time-constraints, conventional MRI visualization of blood flow is limited to the very few imaging planes that are explicitly prescribed at the time of the examination.
4D flow provides yet another opportunity to resolve a current limitation to the current practice of congenital heart MRI. It is possible now to cover the entire anatomic region of interest-the entire chest-and complete the scan in a clinically feasible time. All of the anatomic structures and the entire flow field can be captured in this comprehensive scan. This includes intracardiac structures for identification of leaks in surgical baffles or patches as well as extracardiac structures for localization of occult shunts like collaterals or anomalous pulmonary veins. The morphology and severity of leaks from incompetent valves can also be readily characterized with visualization that exceeds current practice in cardiac MRI. 68 Software platforms for the above analyses include EnSight (Apex, NC), Arterys, Inc. (San Francisco, CA), and Gyrotools GTFlow (Zurich).
Examples of 4D Flow Evaluation in CHD
The 4D flow MRI Evaluation provides critical information in patients with congenital heart disease, including repaired TOF, aortic coarctation and PAPVR as examples. In the setting of rTOF, 4D flow MRI assessment includes evaluation and quantification of pulmonary regurgitation, quantification of velocity and pressure gradient across the pulmonary valve in the setting of residual or recurrent pulmonary stenosis, and evaluation of right ventricular size and function (Fig. 10 ). In patients with coarctation of the aorta, 4D flow MRI evaluation provides both anatomic and hemodynamic information, including characterization of the location and size of the coarcted segment, and quantification of the peak velocity and pressure gradient across the stenosis (Fig. 11 ).
In the setting of PAPVR, 4D flow MRI provides critical anatomic information including characterization of pulmonary venous drainage from all pulmonary segments. Accurate quantification of pulmonary (Q p ) and systemic (Q s ) arterial flow, with calculation of the shunt fraction (Q p /Q s ), as well as evaluation of ventricular size and function, is imperative in the pre-operative evaluation of patients with a left-to-right shunt, including PAPVR (Fig. 12 ).
In conclusion, evaluation of congenital heart disease requires assessments of flow, function, and anatomy. Historically this has required a lengthy MRI protocol with iterative skilled prescription of scan planes. The 4D flow provides a comprehensive assessment of congenital heart disease in a single acquisition that requires little user skill. Ongoing efforts are directed toward decreasing scan time further and mitigating motion artifacts. Tools for postprocessing 4D flow for practical interpretation in the clinic are becoming more widely available and will facilitate wider usage of the technique.
